Objective-Proteases are emerging biomarkers of inflammatory diseases. In atherosclerosis, these enzymes are often secreted by inflammatory macrophages, digest the extracellular matrix of the fibrous cap, and destabilize atheromata. Protease function can be monitored with protease activatable imaging probes and quantitated in vivo by fluorescence molecular tomography (FMT). To address 2 major constraints currently associated with imaging of murine atherosclerosis (lack of highly sensitive probes and absence of anatomic information), we compared protease sensors (PS) of variable size and pharmacokinetics and coregistered FMT datasets with computed tomography (FMT-CT). Methods and Results-Coregistration of FMT and CT was achieved with a multimodal imaging cartridge containing fiducial markers detectable by both modalities. A high-resolution CT angiography protocol accurately localized fluorescence to the aortic root of atherosclerotic apoE Ϫ/Ϫ mice. To identify suitable sensors, we first modeled signal kinetics in-silico and then compared 3 probes with oligo-L-lysine cleavage sequences: PS-5, 5 nm in diameter containing 2 fluorochromes, PS-25, a 25-nm version with an elongated lysine chain and PS-40, a polymeric nanoparticle. Serial FMT-CT showed fastest kinetics for PS-5 but, surprisingly, highest fluorescence in lesions of the aortic root for PS-40. PS-40 robustly reported therapeutic effects of atorvastatin, corroborated by ex vivo imaging and qPCR for the model protease cathepsin B. Conclusions-FMT-CT is a robust and observer-independent tool for noninvasive assessment of inflammatory murine atherosclerosis. Reporter-containing nanomaterials may have unique advantages over small molecule agents for in vivo imaging.
A thin fibrous cap, presence of macrophages and foam cells, and increased activity of proteases are hallmarks of atherosclerotic lesions at risk for causing myocardial infarction and stroke. 1 Typically, the fibrous cap and the endothelial layer are damaged because of heightened inflammatory activity, thus exposing the thrombogenic plaque core to platelets and coagulation factors in the blood stream. This triggers thrombotic occlusion of the artery followed by ischemic injury of downstream tissue. 1 Positive remodeling of the artery may obscure detection of inflamed plaques as the vessel lumen can be virtually unchanged, while some protruding plaques that cause significant stenosis on angiography are fairly stable. 2 Hence, protease activity in a lesion may have a higher predictive value for ischemic events than reported for the anatomic degree of stenosis. 3 Protease presence in atherosclerotic lesions has been imaged with radiolabeled small molecule inhibitors 4, 5 and more recently with a MRI detectable Gd chelate attached to an affinity peptide targeting MMPs. 6 Fluorescent protease sensors (PS), which are injected in an inactive form and only emit signal after cleavage of a peptide sequence specific to their target enzyme, have been used to image protease activity. 7 Cysteine proteases are mainly expressed by monocytes/macrophages, 8, 9 cells which orchestrate atherosclerotic lesion development and destabilization. They promote digestion of extracellular matrix, leukocyte transmigration, apoptosis, and neovascularization in atheromata, 1, 10 and can thus serve as imaging biomarkers for plaques with a high risk of thrombotic complication. 11 Fluorescence molecular tomography (FMT) is emerging as a quantitative modality for noninvasive whole mouse imaging, 12 and can be used to detect and quantitate inflammatory protease activity. 7, 13 High-throughput capabilities with scan times of Ͻ5 minutes, cost-effectiveness, high sensitivity, absence of radiation, and simultaneous imaging of multiple biomarkers in spectrally resolved channels are advantages that promote the use of FMT. 14 However, there are 2 challenges to more widespread application in imaging of murine atherosclerosis. First, similar as seen in stand-alone PET imaging of atherosclerosis, there is often a paucity of anatomic information in optical-only FMT data sets (unless additional imaging probes capable of reporting structural information are coinjected). Because atherosclerotic plaques are small and vary in distribution, their accurate localization in such data sets is challenging. To overcome this limitation, we have developed hybrid FMT-CT protocols, similarly as is done in combined PET-CT imaging. [15] [16] [17] Second, we address the lack of molecular probes with optimized signal-and pharmakokinetics for in vivo FMT imaging of atherosclerotic plaques. Although the targeting strategy of PS has been validated, 8, 11 the influence of probe design on signal kinetics and sensitivity has not yet been investigated. In particular, size effects of nanoparticulate sensors have been less well studied. Based on in-silico modeling, we synthesized, characterized, and compared 3 differently sized nano-sensors activated by cysteine proteases. To compare the attributes of PS that are different in design and size but share the cleavage peptide sequence that triggers their activation, we serially imaged atherosclerotic lesions in apoE Ϫ/Ϫ mice using noninvasive hybrid FMT-CT. We further investigated whether the lead compound has the dynamic range and sensitivity to detect benchmark antiatherosclerotic treatment with atorvastatin.
Methods

Agent Synthesis
A schematic overview of agent design and mechanism of activation is given in Figure 1A and 1B. We combined the -protected lysine oligo-peptides (1.5 mol, Tufts University Core) and VivoTag-S680 (VisEn Medical) in 100 L of N,N-dimethylformamide (DMF) with N-methylmorpholine (NMM) and N,N-dimethylaminopyridine (DMAP) to synthesize a fluorochrome labeled peptide (in the following termed FLP). The labeled peptide was isolated by centrifugation and purified by HPLC. For synthesis of PS-5, FLP was combined with mPEG-NH2. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and hydroxybenzotriazole were added to the solution. After deprotection of the -amine, crude PS-5 was purified by reversed phase HPLC and characterized by SEC HPLC. The 25-nm sized agent (PS-25) was formed by controlled precipitation in alkaline polymer solution. For synthesis of PS-40, we combined a solution of amine-functionalized polymeric nanoparticles 18 (Ϸ40 nm particles, Ϸ200 amines per particle) in MES with 0.25 mol of the above described fluorochrome labeled peptide. The nanoparticles were washed with ammonium bicarbonate and then purified by gel filtration chromatography using Biogel P100 (Biorad). Approximately 5 to 6 FLP were conjugated to each nanoparticle.
Target Enzymes
To evaluate the target profile, we incubated PS-25 with a panel of enzymes including key proteases present in atherosclerotic plaques. PS-25 (0.5 mmol/L) was mixed with enzymes (20 nmol/L) in appropriate buffers at room temperature. The following enzymes were purchased from R&D, Sigma, or Calbiochem: cathepsin B, D, G, K, L, S, plasmin, trypsin, and uPA. Reaction progress was monitored at excitation/emission wavelengths of 663/691 using a Gemini-XS plate reader.
Modeling of In Vivo Sensor Activation
A mechanistic model was developed for activation of differently sized PS and resulting fluorochrome concentrations in atherosclerotic plaque. Details of the model are provided in the supplemental materials (available online at http://atvb.ahajournals.org).
Murine Model
This study used 40-to 45-week-old apoE Ϫ/Ϫ mice (Jackson Laboratories) fed a high-cholesterol diet (HCD, Harlan; 0.2% total cholesterol, 5 mice received HCD enriched with 0.01% wt/wt of atorvastatin 19 ). These mice develop atherosclerotic lesions that resemble human disease; and although plaque rupture is not frequently reported, monocytes, macrophages, and foam cells are present and produce proteases (reviewed in ref 20 ). The accentuated inflammation in the aortic root has been used as a model system in several other imaging studies. 15, 21, 22 For determination of cholesterol levels, a blood sample of 500 L was collected at the time of sacrifice and serum assayed for cholesterol by colorimetry (Raichem). The institutional subcommittee on research animal care approved all animal studies.
Blood Half-Life of PS-5, PS-25, and PS-40
To determine the blood half-life of PS-5, PS-25, and PS-40, mice received an IV injection of 5 nanomoles of the agent via tail vein (6 C57BL/6 mice and also in 3 to 5 apoE Ϫ/Ϫ mice per agent). Bilateral retro-orbital bleeds were performed immediately and 2, 4, 8, 24, and 48 hours after injection. 50 L of blood was drawn from alternating orbita using nonheparinized microcapillary tubes and collected into 50 L of heparin. Equal volumes of heparinized blood and DMSO were incubated to activate the probe. Fluorescence of blood samples was then measured on a home built system (excitation/emission 680/700 nm).
Macroscopic Ex Vivo Fluorescence Reflectance Imaging
Aortas were harvested 24 hours after injection of respective sensor and imaged with a fluorescence microscope at 4ϫ magnification (OV-110, Olympus). Six apoE Ϫ/Ϫ mice were injected with PS-5, 4 with PS-25, and 3 with PS-40. In addition, 3 wild-type mice on normal diet and 3 wild-type mice that have been fed a diet high in cholesterol for 10 weeks were injected with each sensor. Two apoE Ϫ/Ϫ mice were coinjected with either PS-5 or PS-40 and in addition with a version of PS-25 that was synthesized with a spectrally resolved fluorochrome (750 nm) to compare the regional activation profile of sensors. Light and near infrared fluorescence (NIRF) images were obtained in the 680 and 750 nm channels.
FMT-CT
We performed FMT-CT imaging at 680/700 nm excitation/emission wavelength in cohorts of mice at 2, 4, 8, 24, and 48 hours after injection of 5 nmol of respective PS using an FMT 2500 system (VisEn Medical) with an isotropic resolution of 1 mm. Each sensor was injected into 6 to 7 apoE Ϫ/Ϫ mice, 4 to 5 wild-type mice on normal diet, and 3 wild-type mice on high cholesterol diet. PS-40 was also injected into 5 apoE Ϫ/Ϫ mice treated with atorvastatin. Mice were anesthetized (Isoflurane 1.5%, O 2 2L/min) during imaging with a gas delivery system integrated into the multimodal imaging cartridge that holds the mouse during FMT and CT imaging. This cartridge facilitates coregistration of FMT to CT data through fiducial landmarks on its frame. Total imaging time for FMT acquisition was typically 5 to 8 minutes. Data were postprocessed using a normalized Born forward equation to calculate threedimensional fluorochrome concentration distribution. CT angiography immediately followed FMT to robustly identify the aortic root as the region of interest. The imaging cartridge lightly compressed the anesthetized mouse between optically translucent windows and thereby prevented motion during transfer to the CT (Inveon PET-CT, Siemens). The CT x-ray source operated at 80 kVp and 500 A with an exposure time of 370 to 400 ms to acquire 360 projections. The effective 3D CT resolution was 80 m isotropic. During CT acquisition, Isovue-370 was infused at 55 L/min through a tail vein catheter. The CT reconstruction protocol performed bilinear interpolation, used a Shepp-Logan filter, and scaled pixels to Hounsfield units. We then imported data into OsiriX (The OsiriX foundation) to coregister FMT and CT images. Fiducials on the imaging cartridge were visualized and tagged in FMT and CT images with point markers to define their XYZ coordinates. Using these coordinates, data were resampled, rotated, and translated to match the image matrices and finally displayed in one hybrid image.
Microscopy
For comparison of PS activation to microscopic cathepsin B distribution in plaques, aortic roots were excised from 2 apoE Ϫ/Ϫ mice per sensor and embedded in OCT (Sakura). Serial 6-m-thick transversal sections were collected and stained with a primary antibody targeting the model protease cathepsin B (Santa Cruz), a biotinylated secondary antibody (Vector), streptavidin-texas red (Amersham), and mounting medium with DAPI (Vector). Cathepsin B signal and activation of the PS were assessed using an epifluorescence microscope (Eclipse 80i, Nikon).
Flow Cytometry
To investigate the cellular signal contributions for each protease sensor, we assessed blood and aortic tissue fluorescence 24 hours after injection of PS-5, PS-25, and PS-40 into 1 apoE Ϫ/Ϫ mice per sensor. ApoE Ϫ/Ϫ mice were euthanized and blood and aortas prepared as described previously. 9 For visualization of macrophages, monocytes, and neutrophils, cells were incubated with a cocktail of monoclonal antibodies against T cells (CD90-PE), B cells (B220-PE), NK cells (DX5-PE and NK1.1-PE), granulocytes (Ly-6G-PE), myeloid cells (CD11b-APC), macrophages/dendritic cells (F4/80-biotin-Strep-PerCP, I-A b -biotin-Strep-PerCP and CD11c-biotinStrep-PerCP, all from BD Biosciences). Data were acquired on an LSRII (BD Biosciences) with 670/LP and 695/40 filter configuration to detect PS activation.
Quantitative PCR
As an independent validation, the translation of mRNA encoding cathepsin B was measured in apoE Ϫ/Ϫ mice with and without atorvastatin therapy. Multiplex quantitative PCR was performed on triplicate samples using Applied Biosystems TaqMan Gene Expression Assays and the 7500 Fast Real-Time PCR System. Primers were obtained from Applied Biosystems (Mm01310506_m1). Results were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Statistics
Results are expressed as meanϮSEM. The data were tested for normality using the Kolmogorov-Smirnov test and for equality of variances using the F test. Data were compared using the unpaired 2-sided t test. If either normality or equality of variances were rejected, the nonparametric Mann-Whitney test was used. For multiple comparisons, we used ANOVA followed by Bonferroni post test. The significance level in all tests was 0.05. Figure 1A and 1B provides an overview of the structure and characterization of the 3 differently sized protease sensors. HPLC analysis confirmed calculated sizes of the sensors ( Figure 1C) . The overall fluorescence intensity after activation was comparable for the 3 probes (Figure 1D and 1E) .
Results
In Vitro Characteristics of Sensors
However, PS-40 was quenched most efficiently, likely because of its specific design in which multiple fluorochromes were attached to the nanoparticle ( Figure 1D ). In vitro assaying provided cleavage efficiency for a number of enzymes involved in plaque destabilization ( Figure 1F ). Highest fluorescence intensity was observed after incubation with cathepsin B.
Pharmacokinetics Favor PS-40 for In Vivo FMT
We first measured the blood half life of the 3 PS to investigate impact of agent size on the clearance from the blood pool. Each sensor was injected into 6 wild-type mice, and blood was drawn at several time points. For PS-5 and PS-40, a one-compartment model best described the signal behavior over time. For PS-25, a 2-compartment model was used because it better described the data points and a 1-compartment model did not converge. The shortest blood half-life was observed for PS-5, followed by PS-25 and PS-40 (5.5Ϯ0.5 hours, 13.1Ϯ1.6 hours, 19.0Ϯ2.2 hours, Figure  2A ). Blood half-life was also determined in apoE Ϫ/Ϫ mice for each sensor. Values were in the 95% confidence interval of wild-type values (6.3 hours for PS-5, 13.7 hours for PS-25, 18.9 hours for PS-40).
Using the measured blood half-life and reported values for the rate of probe uptake, the concentration of active dye in the aorta was modeled in silico as a function of time ( Figure 2B and supplemental materials). PS-5 reached its maximum signal earliest because of its rapid clearance from the plasma.
PS-40 had a longer blood half-life, gave a higher maximum signal, but took longer to accumulate. The clearance rate of PS-25 from the blood fit a biexponential decay model, as expected for hydrophilic molecules of this size. 23 The plasma half-life of PS-40 was predicted to give rise to the highest signal intensity. Therefore, even longer half lives were simulated to see whether larger gains could be achieved. Modeling results indicate that these longer half-life agents have diminishing returns. For instance, a 10-fold increase in the clearance half-life would be required to double the signal intensity in plaque. These slow kinetics would likely increase the background signal. Given the marginal benefits of developing a sensor with such a long half-life, we did not pursue its synthesis.
Ex Vivo FRI Shows Activation Profile in Plaques
We then injected PS-5, PS-25, and PS-40 into wild-type mice on normal and high-fat diet and apoE Ϫ/Ϫ mice. Twenty-four hours later, mice were euthanized, their aortas excised, and ex vivo fluorescence in atherosclerotic plaques and nondiseased vessel wall was compared. Activation of all sensors was higher in atherosclerotic lesions than in undiseased tissue ( Figure 2C and 2D) . No lesions were observed in wild-type mice on high-cholesterol diet. In apoE Ϫ/Ϫ mice, plaque signal intensities were highest for PS-40, followed by PS-25 ( Figure  2C and 2D) . However, when the plaque target-to-background ratio was compared, diagnostic values were observed for all 3 sensors, ranging from 4.76Ϯ0.56 for PS-5 to 7.13Ϯ1.36 for The fluorescence inside inflamed atherosclerotic plaques was simulated taking into account pharmacokinetics, cellular uptake, and wash in/out of target tissue, and suggests that PS-40 reaches the highest fluorescence intensity inside plaques and has slowest wash out kinetics. C through E, Fluorescence reflectance imaging (FRI) of excised aortas from apoE Ϫ/Ϫ mice and wild-type mice (insets in panel C) 24 hours after injection of respective protease sensor. The signal intensity was significantly higher in plaque (Plq, arrow) when compared to vascular territories without lesions (background, BG, arrowhead) and highest for PS-40 (D). However, the target to background ratio, which normalizes fluorescence in plaques to signal in nondiseased vascular territory, is sufficiently higher in apoE Ϫ/Ϫ than in wild-type mice on normal and on high-fat diet for all 3 sensors (E). * PϽ0.05. F and G, Dualchannel FRI of aortas from apoE Ϫ/Ϫ mice that were coinjected with spectrally resolved protease sensors. For this experiment, a higher wavelength version of PS-25 was used (excitation/emission 750/ 780). Overall similar activation mapping was observed, with small regional differences between respective sensors. Figure 2E ). In contrast, control wild-type mice on normal and high-fat diet showed an up to 6-fold lower target (aortic root) to background (descending aorta) ratio ( Figure  2E , PϽ0.05 versus apoE Ϫ/Ϫ ). To investigate the regional activation profile of the 3 sensors, apoE Ϫ/Ϫ mice were coinjected with PS-5 or PS-40 and PS-25 derivatized with a higher wavelength fluorochrome for spectrally resolved imaging. The activation profile was comparable with small regional differences ( Figure 2F and 2G) .
PS-40 (
In Vivo FMT-CT Detects Activation in Aortic Root
We next followed activation of the 3 probes by serial in vivo FMT-CT imaging. The concept of hybrid imaging is illustrated in apoE Ϫ/Ϫ mice in Figure 3A through 3C. Fiducial markers were readily identified on the imaging cartridge in both modalities and allowed coregistration of data sets in an automated fashion. CT angiography allowed to identify the aortic root as the vascular territory with highest protease activity. Representative 2-and 3-dimensional data sets are shown in Figure 3D through 3U. CT imaging also showed vascular calcifications ( Figure 3G and 3H) . The in vivo signal time course was followed for each protease sensor over time and is depicted in Figure 3V . Highest fluorescence concentrations were measured for PS-40 at 24 hours after injection, followed by PS-25 ( Figure 3W ). PS-5 had the fastest wash-in and wash-out kinetics. Much lower signals were observed in mice without atherosclerosis, and all 3 sensors detected protease activity in vivo. However, PS-40 showed the highest fluorescence in plaques.
Immunoreactive Protease Presence Colocalizes With PS Activation
The microscopic signal distribution was compared to immunoreactive staining for cathepsin B (Figure 4 ). There was good colocalization of probe activation with immunofluorescent cathepsin B signal.
Cellular Target Profile by Flow Cytometry
Flow cytometric profiling identified monocyte/macrophages as the dominant cellular signal source for all sensors in plaques ( Figure 5 ). The highest mean fluorescence intensity was observed for PS-40. Some uptake of PS-5 was also seen in neutrophils accumulating in the aortic tissue. Lymphocytes and cells that constitute the aortic wall (eg, endothelial cells and fibroblasts) showed very low signal. In the blood, we observed considerable differences in signal profiles for respective sensors. Whereas there was virtually no activation of PS-5, we observed intermediate and high fluorescence signals in monocytes after injection of PS-25 and PS-40, respectively ( Figure 5 ).
PS-40 Detects Therapy Effects In Vivo
Having identified PS-40 as the sensor with superior sensitivity, we further explored its use for noninvasive detection of reduced inflammation in plaque after statin therapy. Atorvastatin is known to reduce the recruitment of inflammatory monocytes, in part through reduction of VCAM-1 expression. 22 These cells and their lineage descendants are the primary source of plaque cathepsin 1,10 and together dominate activation of PS-40 in vivo. Thus, we used FMT-CT for imaging of apoE Ϫ/Ϫ mice treated with atorvastatin. 24 hours after injection of PS-40, (ie, at the peak of protease signal intensity), we observed a 2.6-fold reduced FMT signal in the aortic root in treated mice (PϽ0.05, Figure 6A through 6C). These data corroborated with ex vivo FRI of excised aortas ( Figure 6D and 6E) and with quantitative PCR for expression of the model protease cathepsin B ( Figure 6F ). As expected in apoE Ϫ/Ϫ mice, cholesterol blood levels were mildly reduced by atorvastatin treatment ( Figure 6G ).
Discussion
Fluorescence molecular tomography is an emerging modality increasingly used in preclinical imaging. 14 Here we addressed 2 obstacles that have limited the utility of FMT to image murine models of atherosclerosis. First, we used an imaging cartridge in free space FMT to merge molecular data with detailed anatomic information provided by high-resolution CT angiography. Second, we show that sensitivity, target to background ratio, and the pharmacokinetic profile of nanoengineered fluorescent probes can be specifically tailored to meet the demands of individual imaging applications.
Combination of molecular sensing by FMT with anatomic CT imaging in a hybrid set-up was achieved based on landmark-facilitated image coregistration. FMT imaging was immediately followed by CT, while the anesthetized mouse was transferred in a multimodal imaging cartridge that (1) ensured a constant position of the mouse and (2) provided the fiducials for coregistration on its frame. An optimized CT angiography protocol provided excellent anatomic information of murine vasculature and visualized calcified plaque. The hybrid approach enhanced the quantitative robustness of in vivo FMT imaging because the region of interest for signal quantification was chosen based on anatomic detail provided by CT, in this case the aortic root, rather than signal intensity.
Reidentification of this landmark in serial imaging allowed us to follow protease activity in individual lesions over time. We anticipate that this will prove particularly useful for investigations of experimental antiinflammatory therapies.
The design for protease sensors closely positions fluorochromes on a nano-scaffold to induce auto-quenching. 13 The nanomaterial includes polypeptides as substrate sequences for proteases. In this study, an oligo-L-lysine peptide sequence was used that is primarily cleaved by cathepsins. In the presence of the active protease, cleavage occurs and fluorochromes are liberated and unquenched and therefore can emit fluorescence. This design harbors a powerful amplification strategy, because one moiety of active enzyme can cleave and activate multiple targets. While using an identical activation mechanism, we modified the size of the sensors and the number of attached fluorochromes, and in the case of PS-40, used an iron oxide nanoparticle as a central core, giving rise to unique properties each agent exhibited.
PS-40 had the longest plasma half-life and slowest wash out from atherosclerotic plaques. The polymer-coated iron oxide core, which is comparably large in size (40 nm), increased the blood half-life and likely promoted cellular retention of activated probe in target tissue after interaction with proteases, whereas smaller cleavage products of PS-25 and PS-5 were washed out faster. The function of the core of PS-40 as a "cellular anchor" for activated fluorochromes resulted in high signal intensities in atherosclerotic plaques in and ex vivo. As a consequence, the improved sensitivity of PS-40 facilitated noninvasive detection of protease activity modulated by therapy, highlighting the value of FMT-CT for preclinical R&D efforts.
Fluorescence penetrates a limited depth of tissue. 7 Therefore, intravascular sensing of protease activity has been performed successfully in animal models, 24 with the aim of translating identification of inflamed plaques into the clinic. For this application, minimized blood background fluorescence is essential to facilitate sensing of signal in the vessel wall. Flow cytometric analysis showed that PS-5 had minimal uptake into circulating leukocytes. In addition, PS-5 exhibited fast kinetics that would allow for clinically desirable rapid injection-imaging sequences. Another application that benefits from the low blood background signal afforded by PS-5 is flow cytometric profiling of cell suspensions dislodged from solid tissues. 8, 9, 25 Although tissue is usually rinsed before enzymatic digestion, some contamination with blood is inevitable. As PS-5 showed no uptake into circulating blood cells, it minimizes this interference.
We used pharmacokinetic data to model in vivo signal in atherosclerotic plaques. The model accounted for agent dose, plasma clearance, pinocytosis rate in activated macrophages, macrophage plaque density, and probe retention in the plaque. There was good agreement between the model predictions and experimental data, providing evidence that the mechanisms used in the model determine the probe behavior in vivo. In silico experimentation indicated that further increases in plasma half-life have diminishing returns on signal intensity and would increase the necessary delay between injection and imaging at the time of maximum plaque signal. The mechanism-based model can be used to examine any probe design, including addition of targeting ligands or scale-up from mouse to man without the requirement for allometric scaling or empirical assumptions.
In summary, we show that nanotechnology-enabled tailoring of protease sensors optimizes imaging agent design for specific applications. The use of a nanoparticulate "cell anchor" for PS-40 enhanced sensitivity and enabled noninvasive FMT-CT imaging of treatment effects. We anticipate that the use of this sensor in conjunction with hybrid FMT-CT imaging will catalyze quantitative in vivo plaque interrogation in mouse models of atherosclerosis frequently used in basic research and drug development.
